We investigated the utility of quantifying percent coverage of benthic substrate constituents from surface multispectral reflectance measurements. Six substrates were considered: kelp, eelgrass, clay, silt, mineralic sand from a temperate environment, and turtlegrass and carbonate sand from a tropical environment. Each had a unique albedo spectrum that contributes differently to the upward light field in an optically shallow environment. Simplifications to the radiative transfer equation yield an analytic solution for surface reflectance in optically shallow environments. The objectives were to test the inverse model to predict bottom albedo from measurements of surface reflectance, diffuse attenuation, and water depth in the turbid water of eastern Long Island Sound, Connecticut, and clear waters off Exuma, Bahamas. A linear mixing model was used to deconvolve the derived albedo spectra into contributions by the six constituents. The inverse and deconvolution models accurately identified the dominant substrate in the six homogeneous habitats (single point determinations) and predicted the gradient in substrate composition along transects. This approach has applications to benthic survey mapping, habitat assessment, and habitat monitoring.
. However, they are not effective at identifying the composition or even the presence of submerged aquatic vegetation such as seagrasses and seaweeds. Color aerial photography has been used to monitor and map benthic environments in shallow waters, particularly seagrass meadows (Benton and Newman 1976; Austin and Adams 1978; Orth and Moore 1983; Kirkman et al. 1988; Ferguson et al. 1993; Sheppard et al. 1995) . However, much of the interpretation of aerial photographs is based upon brightness. Shallow submerged aquatic vegetation appears dark and is often indistinguishable from deep water. Variable water clarity, bottom sediments, macroalgae, epiphytes, and shell hash add to the uncertainty in photographic identification of seagrass habitats.
Remotely operated and autonomous underwater vehicles, towed camera sleds, and crewed submersibles have proved to be useful for obtaining macrofaunal population estimates and identifying microhabitat features, such as biogenic depressions, sand wave crests, and boulders, with high resolution and in virtually all environments (e.g., Felley et al. 1989; Langton and Uzmann 1989; Malatesta et al. 1992) . The trade offs are the time and manpower required to conduct such surveys and vagaries in automated image analysis.
Remotely sensed ocean color data have been implemented to identify and map submerged aquatic vegetation in optically shallow waters (Lyzenga 1978; Savastano et al. 1984; Ackleson and Klemas 1987; Spitzer and Dirks 1987; Armstrong 1993; Luczkovich et al. 1993; Zainal et al. 1993; Mumby et al. 1997) . This is possible because a fraction of the radiant flux that enters the ocean propagates to the bottom, is modified by the absorption and scattering properties of the substrate, and propagates back to the surface containing spectral information about the substrate. As such, a number of models have been developed that describe irradiance reflectance as a function of bottom albedo and water depth (Gordon and Brown 1974; Ackleson and Klemas 1986; Philpot 1987; Mobley et al. 1993; Lee et al. 1994; Maritorena et al. 1994; Leathers and McCormick 1998; Lee et al. 1998 Lee et al. , 1999 . Measured albedo is some combination of the substrate constituents' albedo spectra. The nature of the combination depends upon the spatial scales of constituents relative to the spatial scales for interactive scattering and absorption between constituents. When the spatial scales of constituent patchiness are large relative to these optical scales, the upward photons can be attributed primarily to scattering by a single constituent rather than multiple scattering between constituents. The resulting albedo can be expressed as a linear combination of the individual constituent albedo signatures, proportional to their percent aerial coverage (Adams et al. 1986 (Adams et al. , 1992 Johnson et al. 1991) .
Here we develop a three-step modeling approach for estimating substrate composition. Our approach is to (1) use an analytical shallow-water reflectance model to extract a bottom albedo spectrum from surface reflectance, (2) deconvolve the bottom albedo spectrum into percent contributions by substrate components, and (3) compare the derived substrate composition with that determined by direct observation. We have chosen to test our approach in two optically distinct regimes with a range of benthic substrates: eelgrass (Zostera marina), kelp (Laminaria agardhii), mineralic sand and clay in turbid temperate waters of Long Island Sound (LIS), and carbonate sand and turtlegrass (Thalassia sp.) in clear tropical waters off Exuma, Bahamas (EB).
Approach
Model development-The subsurface upward light field in an optically shallow environment can be expressed as contributions arising from the water column and the bottom interface. Approximations to the radiative transfer equation yield a simple expression for each of these contributions (Lyzenga 1978; Philpot 1987; Maritorena et al. 1994) . Briefly, the contribution by the water column is the vertically integrated contributions by each infinitesimal layer, ␦z, from the surface to the bottom at depth H (see Table 1 for notation). Within layer ␦z at depth Z, a fraction of the downward irradiance, E d (Z ), is redirected into the upward direction due to backscattering:
where b bd (Z ) is the backscattering coefficient for downward irradiance at depth Z. The downward irradiance at Z is the attenuated solar irradiance incident on the ocean, E d (0), where the zero in parentheses indicates depth at the surface just beneath the air/sea interface:
where K d (z) is the depth-dependent diffuse attenuation coefficient for downward irradiance. The upward irradiance originating at Z is attenuated as it propagates to the surface so that the contribution to upward irradiance at the surface by the layer at Z is
where K u (z) is the depth-dependent diffuse attenuation coefficient for upward irradiance. Integrating over all Z, from the surface to depth H, yields the total upward irradiance originating from the water column:
The upward irradiance originating from the bottom interface is the reflected portion of downward irradiance incident on the benthic surface at depth
where A is the albedo of the interface. This irradiance is attenuated as it propagates up to the surface, so
Adding Eqs. 1 and 2 yields the total upward irradiance. Approximations that the diffuse attenuation coefficients and b bd are not depth dependent, and that K u ϭ K d , yield a simple analytic solution for the upward light field at the surface:
For an infinitely deep ocean (i.e., where H → ϱ) the ratio of the upward to downward irradiance is defined to be the irradiance reflectance for optically deep water, R D . This boundary condition applied to Eq. 3 demonstrates that the ratio of b bd to 2K d equals R D . Thus, the subsurface irradiance reflectance, the ratio of E u (0) to E d (0) measured just beneath the surface over an optically shallow-water column of depth H, is
Inversion of Eq. 4 yields an analytic expression for the bottom albedo as a function of measured subsurface reflectance spectra:
Several simplifying assumptions were incorporated into the derivation of the forward model in order to ensure that the analytical solution was expressed as a function of measurable quantities. These assumptions include K u and K d are depth independent, K u ϭ K d , and K u does not vary in the presence of an optically shallow bottom. This requires that the water column is homogeneous with regard to the inherent optical properties (i.e., absorption and scattering) and that the angular distribution of the light field is invariant with depth. This may be true in the asymptotic region of the water column, but certainly not in the presence of hydrographic structure where the inherent optical properties are likely to vary and not in the presence of interfaces where the angular distribution of light will vary. Monte Carlo simulations and some empirical data were used to evaluate the assumptions in clear waters (Maritorena et al. 1994) . We examine the variability in the diffuse attenuation coefficients and the effects on A retrieval in the turbid waters.
Constraints of spectral optical depth-All of the terms in Eq. 5, save H, are spectrally dependent. The depth to which light penetrates also varies as a function of wavelength. Therefore, some spectral bands of R H will be dominated by water column processes and contain little to no signature from the bottom substrate. The spectral optical depth for diffuse attenuation is
From the sensitivity of the instrumentation used here (determined from dark current readings), the physical depths that exceeded Ͼ 3.5 for any particular wavelength yielded a signal to noise ratio less than 3, which, when incorporated into the model, yielded unrealistic values for albedo due to the amplifying effect of attenuation. In all the LIS cases presented here, channels 412 and 443 nm were excluded from further analysis.
Deconvolution of spectral bottom albedo-Once A is derived via Eq. 5, it is mathematically deconvolved into contributions by unique substrates using a linear spectral mixing model (Sabol et al. 1990; Johnson et al. 1991) :
where f i is the fraction of coverage by substrate i and A i is the laboratory measured A for substrate i. Coefficients f i were determined by linear least squares regression constrained such that f i Ͼ 0.
Methods
Spectral reflectance-Shallow-water environments in eastern Long Island Sound and near Lee Stocking Island, Exuma, Bahamas, were selected to provide a range in benthic substrate compositions and water clarity (Fig. 1) . Initial model testing was performed over spatially homogeneous sites dominated by a single substrate. At these six sites, profiles of downward and upward irradiance and upward radiance were made over each site with a seven-channel modular ocean color profiling and surface reference system (OCP200, Satlantic; c ϭ 410, 443, 490, 510, 555, 665, and 683 nm) . Final model testing was performed along transects (ϳ20 to 30 m) in each environment over a spatially inhomogeneous benthic substrate and variable water depth. For these measurements a profile of measurements was made at one point, as described above, and a seven-channel tethered spectral radiometer buoy (TSRB, Satlantic) was towed at a constant velocity along the transect. Two different TSRB instruments were used with slightly different channel configurations ( c ϭ 410, 443, 490, 555, 665, 683, and 705 nm in LIS and c ϭ 405, 410, 443, 490, 510, 555 , and 665 nm in EB). A Datasondes altimeter simultaneously measured bottom depth. For all shallow sites and transects, bathymetric maps and charts of local currents were used to discern the flow of surface water masses between adjacent deep and shallowwater sites, minimizing the difference in water column properties between the paired sites. These optically deep sites were within 50 to 250 m of the optically shallow sites. Sites and transects were surveyed and photographed for comparison with model results. Samples of each substrate type were collected for laboratory analyses.
All measurements of irradiance and radiance were corrected for variations in solar irradiance using the surface deck sensor. Diffuse attenuation coefficients were calculated from profiles of radiance and irradiance using a nonlinear exponential fit to the corrected data. These coefficients were used to propagate all irradiance and radiance measurements to just beneath the surface; this correction is quite important for TSRB data, particularly in turbid waters. Upwelling radiance and irradiance were not corrected for instrument selfshading (Gordon and Ding 1992; Zibordi and Ferrari 1995) ; based upon the sun angle and absorption to scattering ratios the correction would be less than 3% (Leathers et al. 2001) . Q factors, calculated from the ratio of the upward irradiance to the upward radiance, were used to convert the upward radiance, measured with the TSRB, to upward irradiance. These values ranged from 4.26 to 5.32 at 412 nm to 3.69 to 4.47 at 670 nm, decreasing monotonically with wavelength, with higher values observed over plant-dominated substrates and lower values over sand-dominated substrates. Surface reflectance spectra were calculated from the ratio of upward irradiance to downward irradiance.
Substrate sample analyses-Sample albedo was measured with a Cary 3E UV-visible spectrophotometer at 2-nm resolution over the wavelength range 300 to 850 nm using an integrating sphere in reflectance configuration. Measurements were calibrated to a known reflectance source during baseline correction.
The chlorophyll a (Chl a) concentration of eelgrass and sediment samples was measured spectrophotometrically after 48 h extraction in 90% acetone (Parsons et al. 1984) . Concentrations are expressed per sample dry weight. Sediment samples were combusted at 550ЊC for 24 h. Initial and final weights were used to calculate dry weight or organic weight.
Results
Derivation of spectral albedo-Diffuse attenuation coefficients for upward and downward irradiance and upward radiance ranged from 0.2 to 0.9 m Ϫ1 and 0.05 to 0.5 m
Ϫ1
over the spectrum, for LIS and EB, respectively (Fig. 2) . Ninety-five percent confidence limits indicate that the attenuation coefficients did not vary significantly with depth, which was confirmed with piecewise calculations (data not shown). However, there was approximately 20% variation between the diffuse attenuation coefficients for upward and downward irradiance.
The penetration of light was very different for the two environments (Fig. 2) . The limitation for resolving a bottom signature is that the water depth not exceed the depth at which Ͻ 3.5. In LIS this constraint was approximately 3 to 8 m over the visible wavelength range, with maximal penetration to 8 m in the 555-nm band. Since the water depth for the sample sites varied from 2 to 6 m, only the channels in the 490-to 555-nm interval were within the optical depth constraint. EB waters were extremely clear by comparison. The sample sites varied in depth from 3 to 7 m, which for all the channels in the 410-555-nm waveband was well within the Ͻ 3.5 constraint.
Surface reflectance spectra measured in optically shallow water, R H , over the six homogeneous benthic substrates varied significantly in shape and magnitude (Fig. 3A,B) . All reflectance spectra measured in LIS exhibited a maximum at 555 nm and had statistically different spectral shapes in the shorter wavelengths (p Ͻ 0.05, Student's t-test). The R H spectra for EB waters were significantly different in shape, magnitude, and wavelength of maximal reflectance.
Surface reflectance spectra measured at the adjacent deep water sites, R D , exhibited less variability in the red region of the spectrum (Fig. 3C,D) . The R D measured in LIS exhibited maximal values at 555 nm like those over optically shallow sites. The R D measured in EB exhibited maximal reflectance values at 410 nm, significantly bluer than the R H spectra.
Estimates of benthic albedo spectra, Â , were derived from . Albedo spectra measured spectrophotometrically on discrete samples: kelp (n ϭ 18), temperate eelgrass (n ϭ 28), tropical turtlegrass (n ϭ 7), mineralic clay/silt (n ϭ 10), mineralic sand (n ϭ 10), and tropical carbonate sand (n ϭ 11; note scale change). Bold spectra are ensemble averaged albedo spectra used as end members in the linear least squares mixing model (Eq. 6).
Eq. 5 using the measurements of K d , R H , and R D for wavebands within Ͻ 3.5 (Fig. 3E,F) . The spectra from LIS ranged from approximately 2% to 25% while those from EB ranged from 2% to 40%.
Spectral albedo for different substrates-Albedo spectra were measured for 7 to 28 samples of each substrate (Fig.  4) collected from the two environments. Plant albedo spectra exhibited the most spectral variations due to differences in pigment composition and concentration (Fig. 4, left panels) . The spectral shape of the kelp albedo did not vary significantly between samples, although the brightness varied by a factor of two (Fig. 4A) . Absorption by Chl a and c and fucoxanthin results in a reflectance window in the 560-to 660-nm range. Kelp fronds are very thick (ϳ2 mm) and thus the spectral bands in which pigments absorb are virtually nonreflective. The variation in brightness appeared to be related to the quantity of a white epiphytic bryozoan. Eel grass contains the accessory pigment Chl b and lacks strong carotenoid absorption in the 500-to 600-nm range, which results in a broad reflectance window (Fig. 4B) . The blades of eelgrass are thinner than the kelp fronds and thus there are more spectral variations due to variability in pigment packaging. Epiphytic growth on these blades also caused variations in the spectrally independent brightness of the albedo. Although turtlegrass and eelgrass have complementary pigment compositions, the turtlegrass blades appeared much darker to the eye than the temperate eelgrass, an observation consistent with the albedo measurements (Fig. 4C) .
Sand albedo spectra are relatively featureless compared to the plant spectra (Fig. 4, right panels) . The minor spectral features, in particular the absorption feature at 676 nm, indicates the presence of some Chl a and other accessory pigments associated with plant detrital material, benthic diatoms, and other microscopic plants. The average brightness and red to blue ratio (A 700 : A 400 ) of the albedo increased from the temperate clay/silt (5% and 1.2) to the temperate sand (8% and 1.8) to the tropical sand (40% and 2.2; Fig. 4D-F) . The mineralic sands, clays, and silt from LIS are composed primarily of quartz, feldspar, and mica (Lewis and Stone 1991) while the tropical sand is composed primarily of calcium carbonate. The tropical sand albedo is brighter but not whiter, despite the appearance to the eye. The sample Fig. 5 . Range of variability in substrate albedo spectra. (A) Age of eelgrass blades from the youngest inner to the oldest outer blades with associated dry-weight-specific Chl a concentrations and ensemble mean albedo spectra (bold, n ϭ 28). (B) Organic content of temperate beach sand and river mouth clay/silt with dry-weightspecific Chl a and particulate organic matter concentrations, and mean albedo spectra (bold, n ϭ 20). (C) Effects of combustion on the albedo of mineralic sediment. Beach and river bottom sand from (B) before (bold solid and dashed, respectively) and after (thin solid and dashed, respectively) combustion. Eel grass exhibited the largest spectral variability in albedo of the plant substrates (Fig. 5A) . The largest albedo was measured on the youngest, innermost plant blades with the highest dry-weight-specific Chl a concentration. As the blade ages, the pigment concentration decreases, flattening the albedo spectral shape. Epiphytes and attached algae concentrations increase as blades age (Neckles et al. 1993; Williams and Ruckelshaus 1993; Heck et al. 2000) causing the observed spectrally independent brightening of the middle blades. Once the oldest outer blades begin to die, the Chl a concentration decreases, and the albedo darkens.
Albedo of mineralic sediments from LIS varied by a factor of 3, from spectrally flat (clay/silt collected from the mouth of the Poquonock River inshore of site 3) to linearly increasing toward the red end of the spectrum (sand collected from Main Beach, inshore and west of site 3). Eighty four percent of the grains in the mineralic sand samples were greater than 250 m, while 70% of the grains in the mineralic clay/silt sample were less than 70 m (where grain size defines sand versus clay and silt, Lewis 1984) . As these temperate sand and clay/silt sediments are of the same composition (Lewis and Stone 1991) , the flattening darkening of the albedo spectra is likely due to absorption by bacterial and other organic coating. The larger surface area to volume ratio of the smaller grains would provide greater substrate surface for such coatings, as was observed (Fig. 5B) . Once the organic material was removed by combustion, there was no observable difference between the coarse-and fine-grained sediment albedo spectra, confirming their common composition. Both a significant increase in the albedo spectra in the 550-to 750-nm range for both samples and an increase in the blue band albedo for the fine-grained sample were observed (Fig. 5C ), bringing the albedo of both samples to magnitudes and spectral shapes like those of the brightest temperate sand samples (Fig. 4) . Thus the albedo of sediments was observed to be a continuum between organic coated clays, with the lowest and flattest albedo, to relatively clean mineralic sands, with brighter and redder albedo spectra.
Substrate identification at homogeneous sites-
The linear albedo mixture model was applied to each derived albedo spectrum ( Table 2 ). The largest model-estimated fraction was always associated with the observed dominant substrate. The contributions by substrates other than the dominant one were on the order of Ͻ30% in all cases for LIS sites and for the EB sand site. The estimates for the EB turtlegrass site were a 57% to 43% ratio of turtlegrass to sand, which compared well to the observation that 45% of the sand was visible through the turtlegrass meadow (we could not find a turtlegrass meadow without significant sand coverage). The coefficient of determination, r 2 , indicates that in all cases, except the clay/silt site, Ͼ80% of the observed variation in the Â was explained by the linear mixture model. The low r 2 for the clay/silt site is due to the high value of Â (510); this did not, however, prevent the model from predicting the correct dominant substrate.
Substrate identification along transects-Measured surface reflectance varied in brightness along the transect but was not generally covariant with bathymetry for either environment (Fig. 6A,B) . While there was a step function in both the R H at 443 nm and bottom depth along the LIS transect, the trend in depth was not associated with a trend in R H . Similarly, a step function in R H occurred along the EB transect with no similar trend in water depth. The derived albedo spectra along the transects provide much more information about the underlying substrate than does surface reflectance.
The TSRB used in LIS did not have sufficient channels in the green wavebands to resolve Â at three wavelengths, the minimum necessary to distinguish kelp from eelgrass or sand from clay/silt. However, the changes in the magnitude of derived albedo were sufficient to distinguish between sediments and plant substrates (Fig. 6C) . The derived albedo at 555 nm was constant and approximately 2-3% over the shallow portion of the transect; the increase in water depth at ϳ15 m along the transect was associated with a factor of 3 increase in albedo. This is consistent with a transition from a plant-dominated to a sediment-dominated substrate, which was confirmed by direct observation. We note that the plant density decreased along the transect, yielding more of the underlying sand and accounting for the slight brightening. At the end of the transect (32-33 m) we observed a pile of shell hash, which may account for the slight brightening.
The water clarity at the EB site resulted in Â spectra with five channel resolution (415 to 555 nm), which was sufficient for the mixture model (Fig. 6D) . Â at 555 nm was low at the shallow end of the transect, increasing toward the deep end with a step-wise increase at ϳ10 m. The derived substrate composition indicated that as the water depth increased over the transect, the contribution of turtlegrass decreased from approximately 45% to Ͻ5%. The transition was confirmed visually; no turtlegrass was observed in the sand but half of the coverage in the turtlegrass meadow was sand.
Sensitivity analysis of albedo derivation-The sensitivity of Â to variability in the input parameters was assessed for observed ranges in those parameters using a bootstrap approach. The water depth, as determined by the altimeter, was allowed to vary by Ϯ10%, which accounts for the resolution of the instrument as well as the variability that arises from spatial averaging (Fig. 7A) . This source of variability had the largest impact on the derived Â for the sand site (Fig.  7B) . The uncertainty was approximately 25% in magnitude. The 95% confidence limits for K d represented a 2 to 5% variation in the derived spectrum; this translated into a very small source of uncertainty in Â for the eelgrass, kelp, and clay/silt sites (Fig. 7C ) and a 15% uncertainty for the sand site (Fig. 7D) . Measurement errors in R D were observed to be Ϯ2%. These exhibited virtually no effect on Â except at the clay/silt site at the 490-and 510-nm channels (Fig. 7E,F) . The Â spectra were statistically distinct from one another in spite of the uncertainty in the input parameters.
Discussion
The spectrum of light emanating from the ocean surface in shallow waters contains information on the optical properties of the seawater constituents and the benthic substrate. The challenges for extracting substrate composition from surface reflectance lie in the removal of the water column signal and in the interpretation of the substrate signal into constituent aerial coverage. The degree of difficulty in these challenges depends, in part, on the instrumental spectral resolution, but more importantly on the spectral uniqueness and relative strengths of the signals arising from the water and the substrate. In optically clear waters with a bright sand bottom, the benthic albedo can dominate the surface reflectance signal. This greatly simplifies the retrieval of the albedo using the inverse model of Maritorena et al. (1994) . In the temperate turbid waters of LIS, where the bottom albedo is not as bright as that for carbonate sand and the diffuse attenuation in the water column is very large, the benthic albedo can contribute less than 10% to the measured surface reflectance signature. The problem is compounded by a green water column over a plant-dominated substrate. The changes in brightness and spectral shape associated with the water column are not different from those induced by variations in the benthic substrate. This presents challenges for the model inversion. However, removing the effects of the water column and water depth yields spectral signatures associated with the benthic substrate. Within these spectral signatures lie the potential for interpretation of complex substrate composition from albedo.
Photographic or quasitrue color imagery, which relies on interpretation of scene brightness and color alone, cannot be decomposed into complex composition. In optically clear waters like EB, a transition from bright blue to dark blue indicates sand substrate and a deepening water column; a transition from bright blue to dark green indicates a shift from sand to turtlegrass substrate; a transition from dark blue to dark green indicates a shift from deep sand to turtlegrass, likely a shallowing water column due to the ecological niche of the plants. In LIS, a transition from bright green to dark green has multiple interpretations as a function of substrate and water depth. The goal of reflectance inversion approaches to habitat assessment is to unambiguously interpret changes in brightness and color with respect to water depth and substrate composition. The ease of routine optical assessment of shallow habitats could lead to improved spatial and temporal coverage of coastal monitoring programs aimed at investigating habitat complexity, diversity, and change.
We observed a significant increase in brightness along the transects with a corresponding increase (LIS) or no change (EB) in water depth. At the homogeneous substrate sites, maximal R H values varied by a factor of 2 to 3 within each environment. At the EB site the increased brightness was due to a brightening of the albedo due to sand coverage. The interpretation was not so straightforward in LIS since the R H brightness was only weakly correlated with the derived Â brightness (rank correlation r ϭ 0.6, n ϭ 4) and there was no difference in the wavelength of maximal reflectance (i.e., chromaticity or perceived color).
The success of albedo retrieval in turbid water depends, to a greater degree, on the accuracy and precision of the reflectance, attenuation, and depth measurements than it does in clear waters. While the inversion has been shown to be robust in simulations of clear waters (Maritorena et al. 1994) , it has not been examined in turbid waters, nor has it been applied to any real data. Finally, underwater substrate composition has not previously been retrieved from derived Remote assessment of benthic habitats albedo. Our goals were (1) to examine the robustness of the inversion model applied to measurements from turbid waters compared to clear waters and (2) test a deconvolution model to retrieve substrate composition from the derived albedo. Despite the dominance of the water column optical properties to the surface reflectance in optically shallow turbid waters, inversion resulted in reasonable values for benthic albedo spectra. The retrieval was most sensitive to the accuracy in water depth, which influences the term [(R H Ϫ R D )exp (2K d H ) ]. In turbid environments a water depth of 5 to 8 m is considered optically shallow, while in clear environments a depth of 40 to 50 m can be considered optically shallow for some wavelengths. Resolving water depth measurements within 10 to 50 cm represents nearly 10% uncertainty in turbid waters compared to 1% uncertainty in clear waters, which translates into a 15% versus 2.5% coefficient of variation in the exponential term.
The accuracy of the R D measurements directly affects the accuracy of the Â retrieval because R D and Â are equivalent to first order (i.e., the first term in Eq. 5). The accuracy becomes very critical when R H and R D are very similar (which indicates either that the bottom has small albedo values or that it is optically deep), particularly if the bottom is approaching the limiting optical depth and the exponential term is large. Small uncertainties in R D lead to large uncertainties in Â as → 3.5, as was the case for the kelp bottom.
The 95% confidence limits on the derived values for K d and K u represented 2% to 5% of the measured values and varied spectrally. That degree of uncertainty did not give rise to large errors in Â . Thus for our cases, the assumption that K d was invariant with depth was not critical. A 20% variation, which is the order of uncertainty of the assumption K d ϩ K u ϭ 2K d , yields variations in derived A that are larger than those with 5% variations; however, the derived Â spectra are still significantly different from one another except between the clay/silt and the kelp stations at 555 nm (data not shown). The importance of being able to assume that water column attenuation coefficients for the upwelling and downwelling light fields could be approximated by a depth invariant value of K d lies in the potential for extending this approach into a purely remote sensing technique, with no requirements for profiling or in situ instrumentation. If the approximation holds, all parameters in the inversion can be determined from surface, ship deck, or aircraft-borne sensors.
It is not possible to measure directly A in situ without the effects of the overlying water column and without some instrument shading effects. That the inversion gave rise to reasonable Â values can only be verified by comparison with the laboratory A measurements under conditions of a homogeneous and known substrate composition. The deconvolution model makes use of the observation that each substrate has a unique spectral signature and that the wavelength resolution of the instruments is sufficient to detect the unique signature. The limited number of wavelengths at which Â was retrieved presented a difficult test for deconvolution and forced the selection of a single albedo for each substrate. However, even with three wavelengths the deconvolution of Â resulted in the correct determination of the dominant substrate.
The six sites were chosen such that the albedo could be attributed to one constituent. Even under these guidelines it is very difficult to find this situation in a natural environment. Only the eelgrass and carbonate sand sites represented homogeneous single-component substrates. The eelgrass meadow was in ϳ4 m water, with the top of the plants at ϳ2 m. The plant density was such that the bottom was not visible and thus only the eelgrass would contribute to A. The carbonate sand site had no plants and was in a dynamic area where organic detrital material would not settle and accumulate. The deconvolution model yielded results confirming 100% coverage of these respective end members. In the other cases, the observations were not as straightforward. That the model results indicated mixed substrate composition with a single dominant component is actually a more realistic result than a result of 100% coverage in these cases, due to the complex ecology of benthic substrates. The model did confirm what we observed about these constituents. Kelp and eelgrass rarely cooccur and were not observed to cooccur in our study sites; the model confirmed this as well. Kelp plants anchor to rocky substrates, with a plant density much lower than that observed for the eelgrass meadow. Thus the retrieval of 30% sand component coverage is expected, although we would interpret this as a rocky substrate since kelp does not grow in sandy bottoms. Similarly, the maximum height of turtlegrass plants is ϳ10 cm, so that the underlying sand between the plants is clearly visible. The estimated aerial coverage from in situ photographs was 55% turtlegrass and 45% sand, confirmed by the albedo model. Finally, the estimated coverage in mineralic sand and clay/ silt sites included a fraction of the plant end members. Both of these sediment sites would contain benthic algae and phytodetritus (the latter was observed in a particle-rich layer skimming the surface in the benthic boundary layer). Thus the model estimates are likely a better reconstruction of the substrate than were the visual observations. What is often recorded by eye are large regions of recognizable constituents; what is determined by image analysis (e.g., randompoint-intercept technique; Malatesta et al. 1992; Wahle and Peckham 1999 ) is dependent upon the relative scales of the image and the patch sizes. The albedo approach does not contain these biases and, by examining residuals of the deconvolution model, might even predict constituents that were not included in the original regression, thereby improving our understanding of the ecology of these habitats.
These are very encouraging results because the LIS experimental site represented a challenging test compared to the EB site: the LIS substrates (i.e., kelp, eelgrass, and mineralic clay/silt and sand) all had relatively low A values compared to carbonate sand; the water depth for each site was in the range of Ͼ 2; only three wavelengths were used; and those wavelengths were not optimized to discern the largest differences in the substrate albedo spectra. Alleviating one or all of these limitations (i.e., environments for which there is a brighter substrate albedo or decreased attenuation with respect to water depth, instrumentation with increased spectral resolution, or more channels in the 500-to 650-nm range) would substantially improve the accuracy of the derived substrate composition by increasing the benthic to water signal ratio, by increasing the signal to noise ratio, or by including spectral regions in which the largest differences between substrate albedo are observed.
Field radiometers are not designed specifically for benthic recognition surveys. The multispectral instruments used in this study were designed to provide data for pigment retrieval and satellite ocean color data product validation. Despite the limitations, we found that the existing ocean color sensors can provide useful information for benthic surveys in both clear and turbid water. Additional channels or hyperspectral instrumentation would dramatically improve the approach by providing additional degrees of freedom (thus more end members in the mixing model) and better resolution of the unique features in substrate albedo. That kelp, eelgrass, and sand can be distinguished from changes in the spectral slope from 500 to 550 nm is impressive. However, if channels in the 550-to 650-nm range were added, the potential for discerning peaks associated with chlorophytic versus chromophytic pigments would be possible (as seen in the measured hyperspectral albedo). This would lead to enhanced accuracy of substrate determination as well as the capability of resolving albedo variations within each substrate, such as those found in the eelgrass and sediment samples. We have demonstrated that albedo is very sensitive to such biogeochemical properties as leaf chlorophyll content and sediment organic and chlorophyll concentrations, with very predictable changes in the spectral shape. While we could only resolve substrate type with three wavelengths, more spectrally resolved measurements combined with a deconvolution model with more end members would provide the means to distinguish healthy productive marine plants from stressed or unhealthy plants, clean or scoured mineralic sand from organic-laden sediment, sediments rich in benthic algae from those without.
Our goal was to develop a viable technique using remotely sensed ocean color data for bottom recognition surveys in shallow waters. Such methods provide a spatial and temporal resolution that far exceeds most conventional, more invasive approaches such as diver surveys and submerged instrumentation. Coastal aquatic ecosystems possess both commercial and ecological value, and therefore periodic assessment of their health and abundance is beneficial to the local and global community. The methods presented here offer a useful approach for shallow-water regulatory activities by providing an inexpensive method of monitoring on large spatial and temporal scales with versatile deployment options for buoy, ship, and aircraft-based platforms. That we found accurate results in both very turbid and very clear waters, with minimal wavelength resolution, confirms that this approach will be applicable to a range of environments with varying water column and benthic optical properties. Further, accuracy will increase as the spectral resolution increases to incorporate the spectral bands of largest constituent albedo variability, thereby improving the capability for distinguishing those constituents.
